INTRODUCTION
Apoptosis, or programmed cell death, is a crucial component of normal development and plays an important role in organogenesis, tissue homeostasis and the editing of the immune system to remove autoreactive clones. Apoptosis is a morphologically recognizable form of cell death that is implemented by a mechanism conserved through evolution from nematode to man. Homologues of the genes that implement cell death in nematodes do likewise in mammals, although in mammals the process is considerably more complex (1) (2) (3) (4) . In plants, programmed cell death is involved in the terminal differentiation of xylem vessels, and perhaps in developmental processes (5) (6) (7) . Moreover, inhibition of pathogen growth in plants also involves a rapid process of programmed cell death localized at the site of invasion. The death of plant cells during this "hypersensitivity response" (HR) creates a zone of dead cells, called the "HR lesion", which limits the spread of the pathogen, playing an important role in the plant's defense mechanism (8) (9) (10) .
The process of apoptosis can be divided into three distinct components. The first component consists of the apoptotic stimulus and the signal it triggers. This signal may be delivered through surface receptors or may originate inside the cell from a secondary action of a drug, toxin or radiation. The second component consists of the detection and the transduction of the signal, while the third component includes the activation and regulation of the effectors of apoptosis (11) . 4 localise to the outer mitochondrial, outer nuclear, and endoplasmic reticular membranes via their hydrophobic C-terminal transmembrane domain (13) .
Mitochondria appear to play a central role in the induction of apoptosis, which can be controlled by a number of interrelated events. These include, a) the disruption of electron transport, oxidative phosphorylation and ATP production, b) the release of proteins that trigger the activation of the caspase family of proteases, and c) the alteration of the cellular reduction-oxidation potential which results in the release of reactive oxygen species (ROS) into the cytosol (14) .
As in mammals, plant mitochondria were also shown to be the major site of ROS production (15) . When produced at low levels, ROS play a double role; they act as signals that protect the plant by inducing an array of cellular protective and defense genes and they promote the oxidative cross-linking of the cell wall. The oxidative burst at the site of invading pathogen also induces systemic cellular responses in which ROS mediate a reiterative signal network required for the establishment of systemic acquired resistance to virulent pathogens (16) .
The mammalian protein Bax is a proapoptotic 21-kDa protein with 21% identity to Bcl-2. The protein is thought to alter organelle function by localizing to the outer mitochondrial membrane and forming an ion channel (17). Bax can exhibit its lethal phenotype even when expressed in yeast. Despite the fact that no Bcl-2 family members exist in Saccharomyces cerevisiae, the cell death caused by Bax, or its close relative Bak, appears relevant to its function in a physiological setting. The antiapoptotic Bcl-2 protein can rescue yeast from Bax/Bak lethality. Mutants of Bcl-2 and
Bcl-x L that fail to protect mammalian cells from Bax-induced cell death are also inactive in yeast. Moreover, mutations of Bax and Bak which abolish their function in mammalian cells, do so also in yeast (18, 19) . Bax induces the release of cytochrome c by guest on http://www.jbc.org/ Downloaded from 5 from mitochondria in both mammals and yeast, suggesting that its toxicity may be related to oxidative control processes and the opening of the mitochondrial permeability transition (MPT) pore (20) . Bax expression is also lethal in plants.
Infection of Nicotiniana benthamiana plants with a tobacco mosaic virus-based vector carrying the murine Bax gene caused localized tissue collapse, in a manner resembling the hypersensitivity response (21) . This action of Bax was dependent on the presence of the carboxy-terminal transmembrane domain, which targets Bax to the mitochondria and, reversible on phosphorylation.
It is likely that Bax-inhibiting plant proteins may prevent apoptosis in plant cells. To test this possibility, we utilized the lethal phenotype of Bax in yeast in an attempt to characterize plant molecules linked to the apoptotic process. We devised a yeast genetic screen that would enable us to isolate plant genes which inhibit its lethality either by interacting directly with it or by indirectly alleviating its toxic effects.
Here we present the characterisation of the most potent amongst the Bax inhibiting proteins we isolated, a novel GST/GPX. Our aim is to understand the function of this protein with respect to the lethal Bax phenotype and to reveal components of the plant machinery that may be relevant to the process of apoptosis. 7 reintroduced into LexA-Bax carrying cells and examined for their ability to grow in the presence of Bax.
The full length GST clone was isolated from a ripening UC82-B tomato cDNA library (Stratagene) which was screened using the 2.37 clone as a probe. Three independent clones containing the full length sequence were isolated and sequenced.
Growth curve. EGY48 cells containing the plasmids coding for LexA-Bax, or
LexA-Bax and the GST/GPX protein were grown in glu/CM-his, and EGY48 cells containing the plasmids coding for LexA-Bax and Bcl-2 were grown in glu/CM-his, trp, until the optical density (OD 600 ) reached 0.5. At this point, the cells were pelleted and resuspended to OD 600 = 0.05 in a medium containing 2% galactose and 1% raffinose (gal-raff) as the carbon source, instead of glucose, to induce expression of the fusion proteins from the GAL1 promoter (cells containing the plasmids coding for LexA-Bax, or LexA-Bax and the GST/GPX protein were grown in gal-raff/CM-his, and EGY48 cells containing the plasmids coding for LexA-Bax and Bcl-2 were grown in gal-raff/CM-his, trp. Aliquots of cells were removed at regular intervals up to 48 h and the OD 600 was measured. HA-(BI-GST/GPX), HA-Bcl-2 or no plasmids were grown to OD 600 ≅0.5 using glucose as the carbon source. Cells were subsequently washed and resuspended in galactose-containing medium in which they were cultured with shaking for an additional 8 h period.
Measurement of sensitivity to
Total glutathione and glutathione disulfide were measured in equal amount of cellular material according to the method described by Griffith (26 Lipid extraction was performed using the method described by Komagata (27) . The library plasmids were isolated and the cDNAs sequenced. Of the six isolated clones four could be involved in oxidative metabolism. Clone 2.37 exhibits 88% identity at the amino acid level with a glutathione S-transferase (GST) from N.
tabacum (28) . GSTs catalyze the nucleophilic attack of the sulfur atom of glutathione (GSH, γ-glutamylcystinilglycine) to the electronic center of a wide variety of substrates (29) . Glutathione is the chief intracellular non-protein thiol compound that mediates redox cycling between ascorbate and NADPH and functions as a cellular storage pool of reduced thiol. During oxidative stress, rapid changes are observed in the cellular glutathione content (30 was established from survival curves for the EGY48 strain and represented the minimal concentration inducing cell death in more than 90% of the cells (Figure 1 ). Cells were subsequently transferred into plates containing galactose as carbon source and the number of growing colonies were counted after 72 h of incubation at 30ºC. All experiments were repeated in triplicate and the percentage of surviving cells compared to timepoint 0 was calculated. Expression of the B42AD-2.37 fusion enhanced significantly the viability of EGY48 cells exposed to H 2 O 2 for 6 h (Fig. 2) To isolate full length cDNA clones, a tomato cDNA library was screened using the 2.37 insert as a probe. Three independent clones were isolated and sequenced and all of them contained the full length ORF. This encodes a 220 amino acid long protein, that is 88% identical with the auxin-induced glutathione S-transferase from N.
tabacum, a member of the θ class of GSTs (28, 38, 39) . Clone 2.37 was shown to be an in-frame fusion between B42AD and the truncated Bax-inhibiting (BI) GST protein starting at amino acid 40.
The protein encoded by clone 2.37 is a GST/GPX enzyme.
The GST activity of the full length cDNA was established by initially showing that the bacterially expressed protein can bind to glutathione. A carboxy-terminal fusion of the protein to a V5 epitope and a His-tag was expressed inducibly in E. coli. Duplicate lysates from induced bacterial extracts were used to purify the protein using Ni 2+ -agarose beads, which bind the protein through the His-tag, and GSH-agarose beads which should specifically bind a GST protein. As shown in Figure 3A the induced protein can be purified using GSH agarose, confirming its ability to bind glutathione.
Glutathione S-transferases exhibit large variation in their substrate specificity.
However, most of the enzymes are active against 1-chloro-2,4-dinitrobenzene (CDNB) (40) . To determine whether the protein encoded by the full length clone possesses GST activity, we examined its ability to conjugate CDNB with GSH. Conjugation increases absorbance at 340 nm. Using this assay we observed that induced bacterial extracts expressing the protein encoded by the full length clone exhibit >30 times higher GST activity than uninduced ones (Table 1) . Taken together, these results confirm that the Bax-inhibiting protein encoded by the cDNA clone 2.37 is a GST.
Many GSTs are multifunctional in that they have been shown to also possess glutathione peroxidase (GPX) activity. Glutathione peroxidase catalyzes the GSHdependent reduction/inactivation of H 2 O 2 forming glutathione disulfide (GSSG) and increasing GSH synthesis by feedback induction (29) . The closest homologue to our protein, a GST from N. tabacum, was shown to possess both GST and GPX activity, and when it was overexpressed in tobacco plants it was shown to enhance acclimation to chilling and salt stress (28) . To determine whether our protein possesses GPX activity, we assessed the ability of bacterial cell extracts expressing this protein to oxidize GSH using cumene peroxide as a substrate. Induced cell extracts expressing the full length clone were found to exhibit 4-times higher GPX activity than uninduced ones ( Table 1) .
The novel BI-GST/GPX protein encoded by clone 2.37 forms dimers.
Glutathione S-transferases are generally active as dimers, mostly homodimers, although they have also been found as heterodimers with other GST molecules (29) .
To assess the homodimerisation potential of our protein, we cloned the full length ORF in frame with LexA and B42AD (22) . Expression of the LexA-GST alone or with B42AD does not activate transcription of the LEU2 gene and cells cannot grow in the absence of leucine ( Figure 3B-1) . When LexA-GST is co-transformed with B42AD-GST in the reporter strain, the GST fusion proteins interact, bringing into proximity
LexA and the B42 domain, inducing transcription of the LEU2 gene, thus conferring a leu+ phenotype ( Figure 3B ). (41) and by decreasing the mitochondrial membrane potential (42) . To assess the effect of Bax expression in S. cerevisiae and the mechanism by which the BI-GST/GPX protein alleviates the Bax phenotype, we proceeded to characterize the intracellular glutathione levels, the fatty acid profile, the redox potential, the mitochondrial membrane potential, and the DNA content of yeast cells expressing Bax with or without, the rescuing BI-GST/GPX protein.
Expression of Bax in mammalian cells induces apoptosis by generating ROS

Effects of Bax, Bcl-2, and the novel BI-GST/GPX on the levels of intracellular GSH and GSSG.
To assess the role of intracellular glutathione levels in the Bax phenotype, EGY48 cells expressing LexA-Bax, LexA-Bax and BI-GST-GPX, BI-GST-GPX alone, and LexA-Bax and Bcl-2, or Bcl-2 alone, were processed and the intracellular levels of total glutathione (GSH and GSSG) and glutathione disulfide (GSSG) were measured. Cells expressing the LexA-Bax protein showed a 40% reduction in the levels of total glutathione and a marginal increase in its oxidized form (GSSG). Co-expression of the BI-GST/GPX protein reverted total glutathione to wild type levels. GSSG was increased to levels almost three times higher than normal, leading to an increase in the ratio of GSSG to GSH. Expression of only the BI-GST/GPX clone in EGY48 cells results in a similar higher ratio of GSSG to GSH which indicates that the shift is due to the peroxidase activity of the GST/GPX enzyme ( Figure 4 ). Co-expression of Bcl-2 in LexA-Bax carrying cells also reverted GSH to wild type levels but did not alter the ratio GSH/GSSG.
Supplementing the growth medium with GSH did not revert the Bax-induced growth inhibition of EGY48 cells. However, cells co-expressing Bax and the GST/GPX protein grew slightly better when supplemented with 2 mM GSH (data not shown). Addition of GSSG in the medium had no effect in the growth of cells expressing Bax or co-expressing Bax with Bcl-2 and Bax with the GST/GPX (data not shown). This work permits a better understanding of the function of Bax which could not be achieved by studying the role of Bax in cells from higher eukaryotes. In yeast cells the mitochondrial membrane damage proceeds unopposed because of the lack of Bcl-2. As a result, mitochondrial function is inhibited and the increased ROS production ceases. This allows the cells to survive although, because of the decreased energy production, they proliferate slowly. In higher eukaryotic cells, which express Bcl-2, the effect of ROS on the mitochondrial membrane potential is partially blocked (This may be either because Bcl-2 downregulates the increased production of ROS bringing it into levels that can be tolerated, or because Bcl-2 may have a direct effect).
As a result, Bax continues to stimulate the production of ROS, which leads to cell death by apoptosis.
The BI-GST/GPX protein was able to restore the ∆Ψ m in Bax expressing yeast EGY48 cells were induced to express LexA-Bax, LexA-Bax and BI-GST/GPX, LexABax and Bcl-2, BI-GST/GPX alone, and Bcl-2 alone for 8 h in gal-raff/CM-his, galraff/CM-his, trp, gal-raff/CM-his, trp, gal-raff/CM-trp and gal-raff/CM-trp medium respectively. The cells were subsequently freeze dried and equal amounts were used to enzymaticaly determine GSH and GSSG levels. There is a significant reduction in total glutathione (GSH + GSSG) in the LexA-Bax-expressing cells. Coexpression of the GST/GPX or Bcl-2 reverses the levels of total glutathione to normal. However, the ratio of the GSH/GSSG is altered in the GST/GPX-expressing cells due to the glutathione peroxidase activity of this protein. 
Wild-type EGY48 yeast cells (A), EGY48 cells harboring the LexA-Bax construct (B),
and EGY48 cells harboring the LexA-Bax and the B42AD-GST construct (C), were incubated for 7 h in gal-raff/CM, gal-raff/CM-his, and gal-raff/CM-his, trp medium respectively. The cells were washed, freeze-dried, and equal amounts of dried material were used for the extraction of fatty acid methyl esters. The extracts were subjected to gas chromatography and the identity of the peaks was confirmed by GC-coupled mass spectrometry. Expression of Bax caused a quantitative decrease in the amounts of fatty acids, which was not reversible by GST coexpression. 
